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Lettuce infectious yellows virus (LIYV) RNA 2 defective RNAs (D RNAs) were compared in protoplasts for their ability to
replicate and to express the green fluorescent protein (GFP) from recombinant D RNA constructs. Initially four LIYV D RNAs
of different genetic composition were compared, but only two (LIYV D RNA M5 and M18) replicated to high levels. Both of
these contained at least two complete ORFs, one being the 39-terminal ORF encoding P26. Northern hybridization analysis
using probes corresponding to 39 regions of LIYV RNA 2 detected the P26 subgenomic RNA from protoplasts infected with
LIYV RNAs 1 and 2 or protoplasts inoculated only with RNA 1 plus either the LIYV D RNA M5 or M18, suggesting that these
LIYV D RNAs served as templates to generate the P26 subgenomic RNA. The GFP coding region was inserted as an in-frame
insertion into the P26 coding region of the LIYV M5 and M18 D RNAs, yielding M5gfp and M18gfp. When transcripts of M5gfp
and M18gfp were used to inoculate protoplasts, bright fluorescence was seen only when they were co-inoculated with LIYV
RNA 1. The percentage of fluorescent protoplasts ranged from experiment to experiment, but was as high as 5.8%. Time
course analyses showed that fluorescence was not detected before 48 h pi, and this correlated with the timing of LIYV RNA
2 and RNA 2 D RNA accumulation, but not with that of LIYV RNA 1. © 2001 Academic PressINTRODUCTION
Defective RNAs (D RNAs) are common features of
RNA virus infections (for reviews see Graves et al., 1996;
White and Morris, 1999). D RNAs are deletion and/or
recombination rearrangements of virus genomic RNAs
and are dependent on a helper virus for replication. Two
types are common among plant viruses; defective inter-
fering RNAs (DI RNAs) and defective RNAs (D RNA),
distinguished largely by the ability of DI RNAs to interfere
with wild-type virus replication and/or attenuate symp-
toms in infected plants (White and Morris, 1999). D RNAs
often show little or no effect on helper virus replication or
symptom development in virus-infected host plants. The
smaller size of D RNAs and their ability to replicate to
high titers in the presence of wild-type helper virus have
made them good tools for studying virus replication and
RNA recombination (for review see Buck, 1996; Graves et
al., 1996; Strauss and Strauss, 1997).
Lettuce infectious yellows virus (LIYV) has a bipartite
genome and is the type member of the genus Crinivirus
of the family Closteroviridae (Martelli et al., 1999). Re-
cently we reported that a heterogeneous population of
LIYV RNA 2 D RNAs is associated with LIYV infections
(Rubio et al., 2000). D RNAs also have been reported for
the monopartite citrus tristeza virus (CTV), a member of
the genus Closterovirus, also of the family Closteroviri-
dae (Mawassi et al., 1995a, b, 2000a, b; Yang et al.,
1997a, b). Some interesting similarities and differences
can be seen for the D RNAs associated with these two
viruses. Both the LIYV RNA 2 and CTV D RNAs retain 59-
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54and 39-terminal sequences of their respective genomic
RNAs, and these D RNAs also have extensive internal
deletions (generally a single deletion) of various sizes
(.3 kb). Interestingly, many of the LIYV and CTV D RNAs
contain intact open reading frames (ORFs) correspond-
ing to specific virus genes (Mawassi et al., 1995a, b; Yang
et al., 1997a, b; Rubio et al., 2000).
Recent work with CTV D RNAs has demonstrated
that the replication competence of specific artificial D
RNAs is affected by their coding capacity and by
helper virus used to support replication (Mawassi et
al., 2000a, b). For example, 59-terminal ORFs, but not
the specific nucleotide sequence within the ORF, ap-
pear to be important for CTV D RNA replication (Ma-
wassi et al., 2000b). Nucleotide sequence analyses
suggest that this may not be the case for LIYV D RNAs
(Rubio et al., 2000). The LIYV D RNAs characterized so
far have various complete and/or partial ORFs corre-
sponding to the 59-most RNA 2 ORF and various ORFs
in the 39 region of RNA 2 (Rubio et al., 2000). However,
CTV and LIYV D RNAs may be replicated by slightly
different mechanisms. CTV is monopartite and repli-
cation-competent CTV D RNAs seem to exhibit repli-
cation kinetics similar to those of the helper virus
(Mawassi et al., 2000a, b). In contrast, the LIYV ge-
nome is bipartite (Klaassen et al., 1995). LIYV RNA 1,
which encodes for replication-associated proteins,
alone is replication competent and progeny RNAs ac-
cumulate rapidly after infection (Klaassen et al., 1995,
1996; Yeh et al., 2000). LIYV RNA 2 (and RNA 2 D RNAs)
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55LIYV D-RNA GFPis replicated in trans and progeny exhibit delayed
accumulation relative to RNA 1 in co-inoculated cells
(Yeh et al., 2000).
Some CTV D RNAs can tolerate insertions and still
replicate (Yang et al., 1997a; Mawassi et al., 2000a, b),
ut whether encoded proteins are expressed is not
nown. For all members of the Closteroviridae, the mul-
iple downstream ORFs on the genomic RNAs are ex-
ressed via subgenomic RNAs (Hilf et al., 1995; He et al.,
1997; Karasev et al., 1997; Rubio et al., 2000). Thus, it
seems possible that LIYV D RNAs which contain 39 ORFs
might serve as templates for subgenomic RNA synthesis
and subsequent gene expression. Whether D RNAs ex-
press proteins during infection is an important question.
DI-RNA-based expression systems have been devel-
oped and have proven to be important tools for Corona-
virus pathogenesis studies (Liao et al., 1995; Zhang et al.,
1997, 1998). We have already shown that LIYV RNA 2 D
RNAs can replicate to high titers either in plants or in
protoplasts (Rubio et al., 2000). Therefore, if the LIYV D
RNAs can tolerate foreign sequence insertion and ex-
press inserted genes during virus infection, LIYV D RNAs
may provide an additional means of protein expression
in natural infections but also will be useful for under-
standing replication and host plant interactions. Here we
provide RNA- and protein-based evidence that some
FIG. 1. Schematic representation of lettuce infectious yellows virus
(LIYV) defective RNAs (D RNAs) and recombinant green fluorescent
protein (GFP) constructs. The LIYV RNA 2 genomic RNA is indicated at
the top (see Klaassen et al., 1995). The LIYV D RNA clones M15, M36,
5, M18, M5gfp, and M18gfp are indicated (see Rubio et al., 2000).
ontinuous lines represent nucleotide sequence of D RNAs common to
IYV RNA2, and boxes indicate corresponding ORFs found in the given
RNA. Discontinuous lines correspond to deleted regions of LIYV RNA
not present in the corresponding D RNAs. Numbers given below lines
ndicate the LIYV RNA 2 D RNA junction positions (Rubio et al., 2000).
The GFP sequence is fused in frame in M5gfp and M18gfp to the P26
N-terminus, thereby creating a fusion protein of 11 P26 amino acids
followed by the GFP sequence. The nucleotide sequence at the inser-
tion site is shown below the M18gfp. The GFP sequence terminates
with a stop codon. A scale bar, in nucleotides, is shown at the bottom.LIYV D RNAs express proteins in infected protoplasts.Furthermore, by comparing RNA accumulation and mon-
itoring temporal expression of the green fluorescent pro-
tein (GFP) from engineered D RNAs, we confirm that LIYV
RNA 2 D RNA trans replication and gene expression are
delayed relative to that of RNA 1.
RESULTS
Replication of distinct LIYV RNA 2 D RNAs
We initially chose four LIYV RNA 2 D RNAs of different
sizes and genetic composition to evaluate for replication
in protoplasts. Of these, LIYV D RNA M15 contains only
one LIYV RNA 2 ORF, the 59-most terminal ORF encoding
P5. The LIYV M36 D RNA lacks the P5 ORF, but contained
part of the CPm ORF and the complete P26 ORF. The
LIYV M5 and M18 D RNAs each contain at least two
complete ORFs, including that for P26 (see Fig. 1 and
Rubio et al., 2000). Capped transcripts were generated in
vitro from these cloned cDNAs and inoculated into to-
bacco protoplasts. Only the M5 and M18 D RNAs repli-
cated to high levels when co-inoculated with transcripts
of LIYV RNA 1 (Fig. 2) or RNAs 1 plus 2 (not shown). The
LIYV M15 D RNA accumulated to only low levels and no
evidence was obtained for replication of the LIYV M36 D
RNA in these experiments.
Because the LIYV M5 and M18 D RNAs contain com-
plete as well as incomplete ORFs, we wished to deter-
mine whether they might generate subgenomic RNAs
corresponding to the 39-most ORF, corresponding to P26.
Previously we showed that a ca. 925-nucleotide sub-
genomic RNA mapping to this ORF can be identified in
FIG. 2. Replication of LIYV RNA 2 defective RNAs (D RNAs) in
protoplasts. Transcripts of LIYV RNA 1 plus the respective RNA 2 D
RNAs were used to inoculate protoplasts. Numbers above lanes indi-
cate times postinoculation that the respective sample was collected.
Total RNAs were extracted and analyzed by Northern hybridization
using the LIYV RNA 2 39-terminal minus-sense probe pSKL 16 (con-
taining the 39 UTR plus the P26 coding region; see Fig. 1). Locations of
the respective D RNAs are indicated at the right. Arrow at left indicates
possible P26 subgenomic RNA. Numbers at left indicate positions of
RNA markers (size in nucleotides).
T
P
M
M
R
R
V
V
R
R
o
c
w
e
s
3
P
(
g
b
i
i
56 YEH ET AL.LIYV-infected plants and protoplasts (Rubio et al., 2000;
Yeh et al., 2000), and data in Fig. 2 (see arrow) suggest a
possible P26 subgenomic RNA at least for the LIYV M5 D
RNA. In order to determine if the P26 subgenomic RNA
was generated during LIYV D RNA replication in proto-
plasts, we used additional probes and inocula to analyze
protoplast extracts. When we used Northern hybridiza-
tion and the LIYV RNA 2 39-terminal probe to analyze
RNAs from protoplasts inoculated with LIYV virion RNAs,
LIYV RNA 1 and 2 transcripts, or LIYV RNA 1 transcripts
plus those of the LIYV M5 and LIYV M18 D RNAs we
detected a ca. 925-nucleotide RNA in LIYV-infected pro-
toplasts (Fig. 3A). When the same RNAs were probed
with the LIYV capsid protein gene probe, hybridization
was seen for LIYV genomic RNA 2 and for LIYV M18 D
RNA, (Fig. 3B, lanes 1 and 2), but not for the ca. 925-nt
RNA (Fig. 3B, lanes 1–4). Furthermore, the capsid protein
gene probe failed to hybridize with the LIYV M5 D RNA,
as expected as this D RNA lacks the capsid protein
coding region. As the ca. 925-nt RNA maps by size and
probe specificity to the P26 ORF, and because we de-
tected it in extracts from protoplasts infected with only
FIG. 3. Mapping the LIYV RNA 2 P26 subgenomic RNA. Transcripts
of LIYV RNA 2 D RNAs M5 and M18, and their derived clones contain-
ing the GFP coding region, were used with LIYV RNA 1 transcripts to
inoculate tobacco protoplasts. Approximately 2 3 106 protoplasts were
ollected at 72 h pi, and for each treatment double-stranded RNAs
ere purified by LiCl precipitation (see Materials and Methods). North-
rn blot hybridization analyses were performed to detect the positive-
ense LIYV RNA 2 and the RNA 2 D RNAs using (A) the LIYV RNA 2
9-terminal minus-sense probe pSKL 16 (containing the 39 UTR plus the
26 coding region; see Fig. 1) and (B) the pSKL CP minus-sense probe
corresponding to the LIYV CP coding region, see Fig. 1). The RNA 2
enomic RNA and M5, M18, M5gfp, and M18gfp D RNAs are indicated
y arrows. The HSP70h, P59, and P26 subgenomic RNAs are also
ndicated by arrows. Numbers at left indicate positions of marker RNAs,
n nucleotides. Lanes 1 and 2 contain LIYV-infected C. murale dsRNAs
and total RNAs from protoplasts inoculated with transcripts of LIYV
RNAs 1 and 2, respectively. Lanes 3–6 contain dsRNAs purified from
protoplasts inoculated with transcripts of RNA 1 plus M5 D RNA;
transcripts of RNA 1 plus M18 D RNA; transcripts of RNA 1 plus M5gfp
D RNA; and transcripts of RNA 1 plus M18gfp D RNA, respectively.RNA 1 and the LIYV M5 and M18 D RNAs, these datasuggest that the P26 subgenomic RNA was generated
from LIYV M5 and M18 D RNAs.
Infectivity of recombinant LIYV D RNAs containing the
GFP coding region
Because the LIYV M5 and M18 D RNAs replicated
efficiently in protoplasts, we constructed recombinant
clones containing the GFP coding region in order to
determine if these D RNAs could express GFP in proto-
plasts. We inserted the GFP coding sequence (lacking a
start codon) into the P26 coding regions of M5 and M18
D RNAs. To avoid destroying possible subgenomic RNA
promoter regions (for review see Miller and Koev, 2000),
GFP was fused to the P26 N-terminus creating a fusion
protein of the P26 11 N-terminal amino acids followed in
frame by the GFP sequence and a stop codon. No C-
terminal P26 amino acids were part of the fusion protein
(for details see Materials and Methods and Fig. 1). Also,
because the ER chitinase leader sequence was deleted
from the GFP coding sequence, there was no AUG at the
start of GFP sequence, and the next AUG in the GFP ORF
is 234 nucleotides downstream. Thus, if GFP was ex-
pressed it would be via the P26:GFP fusion.
When LIYV M5gfp and M18gfp D RNA transcripts,
along with transcripts of only LIYV RNA 1, were used to
inoculate protoplasts, both replicated to high levels
essentially equal to replication of the nonrecombinant
LIYV M5 and M18 D RNAs (Figs. 3A and 3B). Similar
levels of replication were obtained when they were
co-inoculated with transcripts of only LIYV RNA 1, of
both LIYV RNAs 1 and 2, or with purified LIYV virion
RNAs (data not shown, but see Table 1). However, like
the LIYV M5 and M18 D RNAs, the LIYV M5gfp and
TABLE 1
Percentages of Fluorescent Cells at 24 and 48 h Postinoculation (pi)
Inoculuma 24 h pi (%)b 48 h pi (%)
MV–GFP 70–90 70–90
SP35SGFP 30 30
5gfp 0 0
18gfp 0 0
NA 1 1 M5gfp 0 0.7–3.7
NA 1 1 M18gfp 0 0.1–1.7
iral RNA (RNA 1 1 RNA 2) 1 M5gfp 0 2.4–5.8
iral RNA (RNA 1 1 RNA 2) 1 M18gfp 0 2.3–5.6
NA 1 1 M5gfpRe 0 0
NA 1 1 M18gfpRe 0 0
a Inocula are transcripts of the corresponding constructs (see Fig. 1)
r whole plasmid DNA for pSP35SGFP.
b Protoplasts were examined for fluorescent cells at times indicated.
Experiments were replicated at least six times, except for cells inocu-
lated with pSP35SGFP, hence the range of percentages shown. When
the percentage of fluorescent cells was higher than 25%, the percent-
age of fluorescent cells was estimated, but when the percentage of
fluorescent cells was less, the number was determined as described
under Materials and Methods.
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57LIYV D-RNA GFPM18gfp D RNAs were unable to replicate in the ab-
sence of RNA 1 (data not shown).
In addition to hybridization analysis, protoplasts in-
oculated with transcripts of the LIYV M5gfp or M18gfp
plus LIYV RNA 1, LIYV M5gfp or M18gfp plus tran-
scripts of both LIYV RNAs 1 and 2, or LIYV M5gfp or
M18gfp with LIYV virion RNAs were examined using
UV and confocal laser scanning microscopy. We also
used plasmid pSP35SGFP [GFP inserted between cau-
liflower mosaic virus 35S promoter (in pPUC18-35S,
Dessens and Lomonssoff, 1993) and the NOS termi-
nator] and transcripts of TMV-GFP30B (Shivprasad et
al., 1999) as positive controls for GFP expression.
Approximately 70–90% of the protoplasts inoculated
with the TMV-GFP30B showed strong green fluores-
cence by 24 h postinoculation (pi) (see Table 1). In
contrast, at 24 h pi none of the LIYV D RNA-GFP-
inoculated cells showed detectable fluorescence (Ta-
ble 1). However, at 48 h pi up to 3.7% of protoplasts
inoculated with 10 mg of LIYV M5gfp or M18gfp tran-
cripts plus 10 mg of LIYV RNA1 transcript showed
trong green fluorescence (Figs. 4B and 4D and Table
). When protoplasts were inoculated using LIYV virion
FIG. 4. Expression of GFP in protoplasts inoculated with LIYV RNA 1
105) were inoculated with transcripts of LIYV RNA1 plus M5gfp (A and
(A and C) and fluorescent microscopy (B and D).NAs (RNAs 1 and 2) plus LIYV M5gfp or M18gfp granscripts up to 5.8% of inoculated protoplasts
howed strong fluorescence but only at the 48-h pi
ampling time. Protoplasts were also examined at 72 h
i, but we detected no obvious increase of the per-
entage of fluorescent cells. Close examination of
luorescent cells showed fluorescence throughout the
ytoplasm and not localized within any specific intra-
ellular location (Figs. 4B and 4D). The fluorescent
ells were easily distinguished among the background
f nonfluorescing cells.
The LIYV D RNA GFP expression at 48 h pi but not 24 h
i was very dramatic and consistent. We repeated these
xperiments at least six times with similar results, and
ven when the percentage of fluorescent cells was as
igh as 5.8% (ca. 900 green fluorescent cells were
ounted) there was no detectable fluorescence at 24 h
i, but only at 48 h pi (Table 1). When we examined by
orthern hybridization the accumulation patterns of the
IYV RNA 1 and RNA 2 D RNAs from these same proto-
lasts, RNA accumulation corresponded with GFP ex-
ression. RNA 1 quickly accumulated and was detected
t high levels by 24 h pi. (Fig. 5A, lanes 0 vs 24). However,
he LIYV M5 and M5gfp D RNAs accumulated to levels
ecombinant RNA2 D RNAs containing GFP. Tobacco protoplasts (5 3
18gfp (B and D). Cells were examined at 48 h postinoculation by lightplus r
C) or Mreater than input inocula between 24 and 48 h pi (Fig.
cT
h
58 YEH ET AL.5B, lanes 0, 24, and 48), suggesting that GFP expression
was closely associated with LIYV D RNA replication and
gene expression.
T
Primers Designed for PCR Amplification
Primer
26X-Fa 59-TGCGCTCG
Rmm501b 59-ATAAGAAT
Rmm 502T3c 59-TGCAGAGC
26X-Rd 59-CTGACTCG
MGFP-Fe 59-CCGGAATT
MGFP-R f 59-CCGCTCGA
T3R2Revg 59-CTCAATTA
R1 NciIh 59-AAACCGGG
a Corresponds to LIYV RNA 2 nucleotides 6367 to 6403 and contain
b Complementary to the LIYV RNA 2 39-terminal 20 nucleotides (717
c Corresponds to the LIYV RNA 2 59-terminal 20 nucleotides and co
d Contains XhoI and EcoRI sites (bold) and complementary to LIYV R
reate an EcoRI site).
e Corresponds to the 59-terminal 26 nucleotides of the GFP coding s
f Complementary to the GFP coding sequence 39-terminal 25 nucleo
g Complementary to the LIYV RNA 2 39-terminal 20 nucleotides and
h Corresponding to the LIYV RNA 2 21 59-terminal nucleotides (bold
(underlined region) restriction enzyme site.
FIG. 5. Replication time course of LIYV D RNA M5-10 and M5gfp in
inoculated protoplasts. Transcripts of LIYV RNA 1 plus M5-10 (M5 with
engineered EcoRI and XhoI sites, see Materials and Methods) or LIYV
RNA 1 plus M5gfp transcripts were co-inoculated to 5 3 105 tobacco
protoplasts. 5 3 104 protoplasts were collected at 0, 24, 48, and 72 h pi.
otal RNAs purified from 5 3 103 protoplasts were used for Northern blot
ybridization with the RNA 1 39-terminus minus-strand probe derived from
pSKL1 (A) and the RNA 2 39-terminal minus-strand probe derived from
pSKL16 (B). The RNA 1 accumulation pattern of protoplasts inoculated with
RNA 1 plus D RNA M5-10, and RNA 1 plus M5gfp transcripts was essen-
tially the same, and here we just show data for M5gfp plus RNA 1 (see A).
B shows accumulation of M5-10 and M5gfp D RNAs in protoplasts when
co-inoculated with RNA 1. Numbers indicate positions of marker RNAs (in
nucleotides), and the P26 subgenomic RNA is indicated by an arrow.Replication-incompetent minus strand transcripts of D
RNAs
Because the LIYV D RNAs were efficiently replicated in
trans by RNA 1, we assessed whether minus-polarity
transcripts corresponding to the LIYV RNA 2 D RNAs
could also serve as inocula to give GFP expression.
These might be replicated in trans by RNA 1 or possibly
serve as templates for subgenomic RNA synthesis. We
constructed clones M5gfpRe and M18gfpRe (see Mate-
rials and Methods), which upon transcription with T3
RNA polymerase would yield transcripts of minus polar-
ity. When positive-sense RNA 1 transcripts plus minus-
sense transcripts of pM5gfpRe and pM18gfpRe (either
capped or uncapped) were inoculated into protoplasts,
no fluorescence was seen even at 72 h postinoculation.
Abundant fluorescent cells were seen in control proto-
plasts inoculated with positive-sense M5gfp D RNA and
LIYV RNA 1 transcripts. Northern hybridization analysis
also showed that the M5gfpRe or M18gfp Re transcripts
failed to replicate in these experiments (data not shown).
DISCUSSION
Previously we showed that LIYV D RNAs occur in
LIYV-infected plants and protoplasts as a heterogeneous
population varying in size and sequence (Rubio et al.,
2000). All LIYV RNA 2 D RNAs previously identified by us
had single deletions of various sizes, but many still
contained one or more intact LIYV RNA 2 ORFs. Here we
compared the replication ability of four LIYV RNA 2 D
RNAs and showed that some can express foreign pro-
teins, namely, GFP. Furthermore, when protoplasts were
inoculated with LIYV RNA 1 plus the GFP-recombinant D
nstruction of Recombinant LIYV D RNAs
Nucleotide sequence
AAGAGATAGATCACCAAGAACTATCAGATACCT-39
CGCGGTCTAGTATACGAGATACA-39
TAACCCTCACTAAAGGTAATCACAATTACCATTG-39
AGTCGCATGTGAATTCATCATCAAAAATTTCA-39
AGACTAATCTTTTTCTCTTTCT-39
TAAAGCTCATCATGTTTGTAT-39
CACTAAAGGTCTAGTATACGAGATACA-39
ACAATTACCATTG-39
restriction enzyme site (bold).
3) and containing a NotI site (bold).
a SacI site (bold) and a T3 promoter sequence (italics).
ucleotides 6333 to 6366 (at position 6353 the C was changed to T to
ce and contains an EcoRI site (bold).
lus an XhoI site (bold) and SacI site (italics).
ing a T3 promoter sequence (italics).
ontaining 6 additional nucleotides at the 59 terminus to create a NciIABLE 2
and Co
AGATA
GCGGC
TCAAT
AGCAT
CATGA
GCTCT
ACCCT
TAATC
s XhoI
4 to 719
ntains
NA 2 n
equen
tides p
contain
) and cRNAs (M5gfp or M18gfp), GFP fluorescence was seen in
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59LIYV D-RNA GFPprotoplasts only when the D RNAs were replicated. This
was typically at ca. 48 h pi, or 24 h after the helper virus,
LIYV RNA 1, had accumulated to high levels.
When we evaluated the replication ability of four LIYV
D RNAs of different size and genetic composition, some-
what surprisingly we found that only two (M5 and M18)
replicated to high levels. The two smaller D RNAs (LIYV
D RNA M15 and M36) did not replicate to sufficiently high
levels, although both were initially cloned from natural
LIYV infections and both had 59 and 39 RNA 2 terminal
nucleotides sequences (Rubio et al., 2000). Of the D
RNAs cloned previously by us (Rubio et al., 2000), LIYV D
RNA M15 had the shortest 39 sequence (59 nucleotides)
and M36 had the shortest 59 sequence (189 nucleotides).
We do not yet know the minimal nucleotide sequence
determinants required for efficient replication but it
seems likely that these two small D RNAs may have
lacked some necessary replication determinants. For the
related CTV, D RNA terminal sequences, overall size and
internal ORF composition have been shown to affect
replication competence of artificial D RNAs (Mawassi et
al., 2000a, b). However, the monopartite CTV and bipar-
ite LIYV appear to have slightly different replication
trategies, in particular when considering the trans rep-
lication of LIYV RNA 2 and RNA 2 D RNAs (Yeh et al.,
2000). Thus, replication determinants of the respective D
RNAs also may differ. It is also of interest that we failed
to detect LIYV D RNA replication, or GFP expression,
when minus-sense transcripts were used as inocula
along with positive-sense helper virus. Replication of
mouse hepatitis virus DI RNAs (a member of the genus
Coronavirus) has been obtained from cells co-inoculated
with minus strand DI RNA transcripts and helper virus
(Joo et al., 1996). Similarities between viruses in the
Coronaviridae and Closteroviridae have been noted pre-
iously (Peremyslov et al., 1998), but the bipartite nature
nd replication strategies of LIYV may differ from those of
he monopartite viruses of the Coronaviridae.
Our Northern hybridization data suggested that the M5
nd M18 LIYV D RNAs replicated in protoplasts and
enerated subgenomic RNAs corresponding to the 39-
erminal ORF encoding P26. Furthermore, when we in-
erted the GFP sequence into the P26 coding region of
hese two D RNAs both gave GFP expression in proto-
lasts, but only upon co-infection with LIYV RNA 1 (or
NAs 1 and 2). The GFP coding sequence was inserted
n frame in the P26 ORF, to create a fusion protein
omposed of 11 amino-terminal P26 amino acids fol-
owed by the GFP sequence. The first AUG in the GFP
equence was removed by us during cloning (see Ma-
erials and Methods and Haseloff et al., 1997), and the
ext in-frame AUG is 234 nucleotides downstream. Thus,
t seems that GFP expression was via the P26:GFP fu-
ion. Also, as both D RNAs contained substantial nucle-
tide sequence upstream of the P26 ORF, including at
east one additional complete ORF, it is unlikely that the
FP expression could be from translation of the full-ength D RNA, but more likely from the P26:GFP sub-
enomic RNA. Finally, when transcripts were inoculated
lone to protoplasts, no fluorescence was ever seen by
s. Fluorescence was seen only upon co-infection with
IYV RNA 1 (or RNAs 1 and 2) and was observed only at
he 48-h pi sampling point and beyond. Although LIYV
NA 1 accumulated rapidly and progeny could be de-
ected as early as 12 h pi (Yeh et al., 2000), LIYV D
NA-driven GFP expression here correlated with accu-
ulation of progeny LIYV RNA 2 and the LIYV RNA 2 D
NAs with a plateau at ca. 48 h pi (here and in Yeh et al.,
000). Thus, the temporal nature of GFP expression from
IYV D RNAs also supports our previous findings on the
synchronous accumulation of LIYV RNA 1 and 2 RNAs
Yeh et al., 2000).
Protein expression from a natural D RNA has also
een reported for the Bromovirus Brome mosaic virus
BMV; Damayanti et al., 1999). A naturally generated BMV
RNA was able to express the BMV coat protein (CP)
ubgenomic RNA and the BMV CP. Thus, if D RNAs and
enomic RNAs both can express their encoded proteins,
he amount of protein made during virus infections might
ary depending on the presence or the absence of D
NAs. More important for us will be to use the recombi-
ant GFP-expressing LIYV D RNAs as tools for studies
n LIYV replication and virus–host interactions. Marker
rotein expression from engineered full-length genomic
NAs of BYV and CTV has already proven useful for
tudying some aspects of closterovirus biology, including
egulation of gene expression and virus:host cell inter-
ctions, and for monitoring and increasing the efficiency
f protoplast infection (Hagiwara et al., 1999; Peremyslov
t al., 1999; Satyanarayana et al., 2001). We also found
hat monitoring LIYV D RNA GFP expression was an
fficient means to better optimize protoplast transfection
fficiency. By changing the RNA inoculum to cell ratio we
ncreased the LIYV protoplast infection efficiency be-
ween 10- and 100-fold (compared to our previously pub-
ished report; Yeh et al., 2000) and consistently reached
fficiencies of ca. 3.5% when using 10 mg of each tran-
script as inocula. However, our system is different than
those for BYV and CTV. In contrast to the BYV and CTV
GFP constructs (Hagiwara et al., 1999; Peremyslov et al.,
1999; Satyanarayana et al., 2001), GFP expression from
LIYV D RNAs does not require modification and/or inser-
tion of foreign sequences (GFP) directly into the virus
genomic RNA(s). For LIYV, GFP is expressed from the
engineered LIYV D RNA via replication in trans, directed
by the helper virus RNAs. Thus, the GFP-expressing D
RNAs should aid our efforts toward understanding as-
pects of LIYV replication and cell interactions, such as
identification of LIYV replication determinants. Also,
compared to the recombinant, GFP-expressing BYV and
CTV constructs, the LIYV D RNAs are relatively small and
replicate to relatively high titers. They could prove ad-
vantageous for expressing other genes in infected
plants.
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LIYV inocula and protoplast manipulation
LIYV virions and RNAs were extracted as previously
described (Yeh et al., 2000). Capped transcripts corre-
sponding to the wildtype LIYV RNAs 1 and 2 and RNA 2
D RNAs were synthesized as described (Yeh et al., 2000;
Rubio et al., 2000). Protoplasts were prepared from cul-
tured Nicotiana tabacum suspension cells and inocu-
lated using virion RNAs or transcripts essentially as
described, except that 0.5 3 106 cells were used for
noculations (Yeh et al., 2000). The four LIYV RNA 2 D
NAs used initially here were from Rubio et al. (2000; and
ee Fig. 1).
onstruction of recombinant LIYV RNA 2 D RNAs
ontaining the GFP gene
The polymerase chain reaction (PCR) was used to
odify and insert the GFP coding sequence into the P26
RF contained within LIYV D RNAs M5 and M18. Primers
6X-F and Rmm501 (see Table 2) were used with LIYV D
NA M5 (Rubio et al., 2000) as the template to amplify by
CR a 827-basepair (bp) fragment. This was cloned into
GEM-T (Promega) to create a pP26-39 clone. Two addi-
ional primers (Rmm 502T3 and 26X-R) were used for
CR to amplify a 1082-bp fragment from the LIYV D RNA
5. The resulting fragment was digested with SacI and
hoI and ligated into the pP26-39 clone described above
digested with SacI and XhoI) to create pM5-10.
We next inserted the GFP coding sequence into
M5-10. Primers MGFP-F and MGFP-R (see Table 2)
ere used for PCR using pBIN m-gfp5-ER as template
pBIN m-gfp5-ER was kindly provided by Dr. Jim Ha-
eloff; GeneBank Accession No. U87974). The result-
ng DNA product was digested with EcoRI and XhoI
nd ligated into pM5-10 (previously digested by XhoI
nd EcoRI) to create pM5gfp. This resulted in the GFP
oding sequence (minus the start codon; see Haseloff
t al., 1997) inserted in frame into the P26 ORF and
erminated by the GFP stop codon. Translation should
ield a fusion protein containing 11 amino acids de-
ived from P26 followed by the GFP sequence. A sim-
lar approach was used to generate a second recom-
inant LIYV D RNA containing the GFP sequence, but
sing LIYV D RNA M18 as the template. This gave the
ame P26–GFP construct, but LIYV D RNA M18 had
936 LIYV RNA 2 nucleotides upstream of the P26 start
odon and was called pM18GFP (see Fig. 1 and Rubio
t al., 2000).
We also used an approach similar to that above to
onstruct LIYV D RNA–GFP clones which could be used
o transcribe in vitro minus polarity D RNA–GFP RNAs.
CR was carried out using primers T3R2Rev and R1 NciIsee Table 2) and M5gfp as the template. The PCR groduct was ligated into pGEM-T Easy (Promega) to
reate clone pM5gfpRe. The same primers were used for
CR using M18gfp as the template to generate
M18gfpRe. The pM18gfpRe cloning strategy was the
ame except that clone M18 was used as the PCR
emplate. The pM5gfpRe and pM18gfpRe were digested
ith NciI and T3 DNA-dependent RNA polymerase was
sed to generate minus-sense transcripts of pM5gfp and
M18gfp. This should yield transcripts containing a non-
iral template C at their 39 terminus. All constructs were
erified by nucleotide sequence analysis of both DNA
trands.
nalysis of LIYV genomic and defective RNA
eplication
LIYV-inoculated protoplasts were collected and ana-
yzed by Northern hybridization as described (Yeh et al.,
000). Aliquots containing ca. 5 3 104 cells were col-
lected by centrifugation (1310 g) at different times pi and
RNAs were isolated using TRI Reagent (MRO) according
to the manufacturer’s recommendations. Generally,
RNAs representing ca. 5 3 103 cells were used for
orthern hybridization analysis.
Double-stranded RNAs (dsRNAs) were purified from
IYV-inoculated protoplasts and used for Northern hy-
ridization analysis. First, total RNAs were extracted from
a. 2 million cell-inoculated protoplasts for each treat-
ent using TRI Reagent (MRO). Total RNAs were dis-
olved in 750 ml of DEPC-treated water and an equal
volume of 4.2 M LiCl was added. After mixing and stor-
age at 4°C overnight, single stranded RNAs were re-
moved by centrifugation at 20,800 g. The supernatant
was collected and dsRNAs were recovered by ethanol
precipitation. The resulting pellets were dissolved in 30
ml of DEPC-treated water and 1 ml of dsRNAs was used
or Northern blot hybridization.
orthern blot hybridization
RNAs were denatured with glyoxal, separated by
garose gel electrophoresis, and transferred to Hy-
ond NX (Amersham) as previously described (Yeh et
l., 2000). DIG-labeled transcripts from plasmid pSKL1,
ontaining cDNA corresponding to nucleotides 7589–
118 of LIYV RNA 1, and pSKL16, containing nucleo-
ides 6685–7193 of LIYV RNA 2, were used as probes
n our Northern blot analysis as previously described
Yeh et al., 2000). T3 RNA polymerase and EcoRI-
igested plasmids were used to generate negative-
ense, and T7 RNA polymerase and NotI-digested
lasmids were used to generate positive-sense DIG-
abeled probes (Boerhinger Mannheim), respectively,
orresponding to specific genomic regions of LIYV
NA 2 (see probes in Fig. 1). LIYV RNA 1 probes were
enerated as previously described (Klaassen et al.,
AH
61LIYV D-RNA GFP1994, 1996). Immobilized LIYV RNAs were subjected to
hybridization, and hybridization signals were detected
as previously described (Yeh et al., 2000).
UV and confocal laser scanning microscopy
Approximately 1/10 (1 ml) of the protoplasts were col-
lected at different times pi and concentrated to 100 ml.
liquots of 10 ml were then used for examination using a
Nikon Microphot SA microscope (Nikon, Melville, NY)
with either filter block BV-2A (main wavelength 436 nm)
or B-1A (main wavelength 495 nm). Protoplasts were also
examined with a Bio-Rad MRC 1024 confocal laser scan-
ning microscope (Bio-Rad, Hercules, CA) with three-
channel scanning. An argon/krypton laser was used for
detection of GFP (488 nm excitation, 522 nm emission
filter). Total cell numbers were estimated using a hemo-
cytometer and visible illumination. The percentage of
protoplasts showing green fluorescence was then deter-
mined.
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